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Abstract: We study the constraints that electroweak precision data can impose, after the
discovery of the Higgs boson by the LHC, on neutrinophilic two-Higgs-doublet models which
comprise one extra SU(2)  U(1) doublet and a new symmetry, namely a spontaneously
broken Z2 or a softly broken global U(1). In these models the extra Higgs doublet, via
its very small vacuum expectation value, is the sole responsible for neutrino masses. We
nd that the model with a Z2 symmetry is basically ruled out by electroweak precision
data, even if the model is slightly extended to include extra right-handed neutrinos, due
to the presence of a very light scalar. While the other model is still perfectly viable, the
parameter space is considerably constrained by current data, specially by the T parameter.
In particular, the new charged and neutral scalars must have very similar masses.
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1 Introduction
The smallness of neutrino masses suggests a mass generating mechanism distinct from the
usual Higgs mechanism, which resides in a scale dierent from the electroweak one. From
neutrino oscillation experiments, we know that neutrinos are massive and that mass and
avor eigenstates do not coincide. Besides, other terrestrial [1, 2] and cosmological [3, 4]
experiments indicate that neutrino masses should be below the eV scale. Therefore, if the
same Higgs mechanism is responsible for the top and neutrino masses, then the Yukawa
couplings would span twelve orders of magnitude, evincing an unpleasant and inexplicable
hierarchy.
A well known alternative is the seesaw mechanism [5{7]. In this scenario, the light
neutrino masses are suppressed by some heavy physics, for instance, right-handed Majo-
rana neutrino masses [5, 6, 8, 9]. What typically happens is that the scale at which new
physics can be found is extremely high, much above the TeV scale, rendering the model
intangible, except for the possible presence of neutrinoless double beta decay.1 The latter
could also originate from some physics that do not comprise the main contribution to neu-
trino masses [13, 14], and hence it does not consist of a test of the seesaw mechanism by
itself.
Another possibility is to generate neutrino masses by a copy of the Higgs mechanism,
having a second Higgs doublet, but with a much smaller vacuum expectation value (vev).
1Nevertheless, there are alternative models which exhibit a low scale, as for instance the inverse seesaw
scenario [10{12].
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This can be achieved in a two-Higgs-doublet model (2HDM) where one of the scalars gives
mass to the charged fermions, while the other one acquires a very small vev and generates
neutrino masses with O(1) Yukawa couplings, a neutrinophilic 2HDM. As a consequence,
neutrino masses would generically require new physics at the TeV scale (or even lower). For
instance, by imposing a lepton number symmetry and adding three right-handed neutrinos
which carry no lepton number, a type I seesaw mechanism can be realized below the TeV
scale [15]. Moreover, lepton number could be conserved and a Z2 symmetry [16, 17] or
a global U(1) [18] could be used to prevent the SM Higgs boson to couple to neutrinos,
yielding Dirac neutrinos. Also, the 2HDM could be augmented by a type III seesaw and a
   symmetry, giving rise to interesting LHC phenomenology [19]; or by a singlet scalar
and a Z3 symmetry, possibly generating lepton avor violating signals [20]. It is important
to note that such models are stable against radiative corrections [21, 22].
On general grounds, a new symmetry is typically invoked to prevent the rst scalar
doublet from coupling to neutrinos as well as to enforce the second one to interact only
with them. These models introduce a minimal new eld content which should materialize
as particles below the TeV scale. The presence of such a low scale in the theory might
have important phenomenological consequences, like the presence of light scalar particles
(for instance, supernova energy loss strongly constrains such scenarios [23]). After the
discovery of a 125 GeV scalar by the LHC experiments, new limits from electroweak preci-
sion data can be derived on the allowed parameter space of such models. The purpose of
this manuscript is to investigate to what extent these minimal neutrinophilic 2HDMs can
survive electroweak precision data scrutiny.
In section 2 we briey review the neutrinophilic 2HDMs which we will study in this
work. In section 3 we describe the theoretical and experimental constraints that will be
imposed on these models in section 4. Finally, in section 5 we present our conclusions.
2 Neutrinophilic two-Higgs-doublet models
We rst start by making general considerations on the 2HDM and the link to neutrino
masses. The most general scalar potential for a 2HDM is
V (1;2) = m
2
11
y
11 +m
2
22
y
22   (m212y12 + h.c.)
+
1
2
(y11)
2 +
2
2
(y22)
2 + 3
y
11
y
22 + 4
y
12
y
21 (2.1)
+

5
2
(y12)
2 +

6
y
11 + 7
y
22

y12 + h.c.

;
where 1 and 2 are two scalar doublets with hypercharge Y = +1. For the vacuum
expectation values of the two scalars, we adopt the notation h1i = v1=
p
2, h2i = v2=
p
2,
and we pick 2 to be the one responsible for neutrino masses. In order to have sizable
Yukawa coupling for neutrinos, it is required that v2  v1  246 GeV = v, where v2 =
v21 + v
2
2. In principle, the parameters m
2
12, 5, 6, and 7 can be complex. Nevertheless, in
all models we analyze, the symmetries will forbid both 6 and 7, and only m
2
12 or 5 will
be allowed to be non-zero. A single phase of the aforementioned parameters can always be
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absorbed in a redenition of the scalar elds, and therefore we can take all scalar potential
parameters to be real without loss of generality.
To forbid the coupling between neutrinos and 1, a symmetry is called for. In
this minimal setup, there are two straightforward examples. The rst possibility is a
Z2 symmetry under which only 2 and the right-handed neutrinos are charged, forcing
m12 = 6 = 7 = 0. An alternative is to trade the Z2 by a global U(1), yielding, in princi-
ple, m12 = 5 = 6 = 7 = 0. In this case, to avoid the presence of a massless Goldstone
boson, a soft breaking is introduced by having a non-zero but small m12. On the other
hand, if a softly broken ZN , N > 2, symmetry is postulated, 5 might be forcefully zero
as well, making this case identical to the U(1) scenario. Therefore, the phenomenology
of a softly broken ZN>2 model is identical to the softly broken U(1) case. Anyhow, in
all realizations we will study here 6 = 7 = 0, so these couplings will be disregarded
henceforth.
One last option that one could consider would be to gauge the U(1) symmetry, avoiding
the massless Goldstone boson. Nevertheless, in such a scenario, the corresponding gauge
boson as well as one of the neutral scalars would be extremely light, with mass around the
v2 scale. This seems, at rst glance, phenomenologically quite problematic. We do not
investigate this possibility here as it would require a completely dierent study compared
to the other two cases.
The two complex scalar SU(2) doublets can be written as
a =
 
+a
(va + a + ia)=
p
2
!
; a = 1; 2: (2.2)
After electroweak symmetry breaking, three Goldstone bosons become the longitudinal
modes of the W and Z bosons. Then, the remaining scalar spectrum is composed of two
charged particles, H, two CP-even neutral bosons, h and H, and one CP-odd neutral
boson, A. The physical elds are given by
H+ = +1 sin   +2 cos; A = 1 sin   2 cos; (2.3)
h =  1 cos  2 sin; H = 1 sin  2 cos; (2.4)
where the angles  and  are associated with the rotations that diagonalize the mass
matrices
tan(2) =
2( m212 + 345 v1v2)
m212(v2=v1   v1=v2) + 1v21   2v22
; (2.5)
tan =
v2
v1
; (2.6)
where 345  3 + 4 + 5. We will see below that both  and  are expected to be very
small. Hence, h behaves very similarly to the SM Higgs, while the scalars H;A;H develop
neutrinophilic interactions in the Yukawa sector, as described below
LY = mi
v2
H ii   imi
v2
A i5i  
p
2mi
v2
[U`iH
+ iPL`+ h:c:]; (2.7)
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where mi are neutrino masses and U`i is the PMNS matrix. As we will see in section 4,
the tree-level stationary conditions on the potential, @V=@i = 0, can be used to write
the diagonal mass parameters mii as functions of m
2
12, the quartic couplings and the vevs.
With that in mind, we can consider the quartic couplings as free parameters and express
them in terms of the physical masses, vevs and mixing angles [24] (see appendix A).
Next we describe the two specic realizations of the neutrinophilic scenarios that will
be studied in this paper.
2.1 Neutrinophilic 2HDM: Z2 symmetry
The model to be studied was proposed by Gabriel and Nandi [16].2 It consists of a 2HDM
where both the right-handed neutrinos and one of the scalar doublets, 2, are charged under
a Z2 symmetry. The consequence is that the masses of the charged fermions come solely
from the 1 vev, and neutrinos, which are Dirac fermions in this scenario as the authors
impose lepton number conservation, couple exclusively to 2. This extra symmetry can, in
principle, be dropped allowing for Majorana neutrinos with a low scale realization of the
seesaw mechanism. We will also investigate this possibility in our analysis.
In the scalar potential (2.1) of this model, the parameters m212 and 6;7 will vanish
due to the Z2 symmetry. The smallness of neutrino masses is explained by the very low
scale at which Z2 is broken, preferably v2 . O(eV).3 A tiny v2=v1 ratio and the absence
of an explicit breaking m212 term leads to almost no mixing between the doublets. The
smallness of tan  and tan can be seen from eqs. (2.5) and (2.6) after imposing v2=v1 ! 0.
Therefore, apart from its couplings to neutrinos, 1 behaves almost identically to the SM
Higgs doublet, so we do not expect any observable deviation from the Higgs couplings to
the SM particles, except possibly the loop induced couplings, e.g. h.
The second doublet displays some interesting features. Through the Yukawa coupling,
the neutral components couple almost only to neutrinos, while the charged scalars mediate
interactions between neutrinos and charged leptons (see eq. (2.7)). The Yukawas are ideally
expected to be of O(1). The neutral scalars couple to the W and Z bosons, but notice
that triple gauge couplings (TGCs) involving only one scalar are highly suppressed by the
small vev, v2. Obviously, TGCs with two scalars and one gauge boson are present and may
provide a sizeable pair production cross section at colliders, for instance pp! A ! H+H 
at the LHC.
The scalar spectrum of this model is quite constrained. By setting m212 = 0 in
eqs. (A.6){(A.8), as well as sin2 ; sin2   1, we notice that: (i) h is identied as the
125 GeV Higgs particle found at the LHC, and this essentially xes 1  0:26 (see eq. (A.1));
(ii) the neutrinophilic neutral scalar H is extremely light, mH  O(v2)  v; and (iii) for
not so large values of the quartic couplings, the charged scalars and the pseudoscalar masses
2The same model was previously also discussed in ref. [25] where the focus was on the origin of the
second doublet from neutrino condensation.
3It is known that the breaking of discrete symmetries leads to the formation of domain walls, which
may store unacceptably large quantities of energy, unless the vev responsible for this breaking is below
O(10 2) GeV [26, 27]. Nevertheless, as the second scalar has to have a vev small enough to explain neutrino
masses, domain walls do not pose a bound on neutrinophilic 2HDMs.
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are bounded to be about or below the TeV scale. When we analyse the viability of this
model in section 4, it will turn out that oblique parameters will play a decisive role in
constraining it, due to the peculiar structure of the scalar spectrum. The sensitivity of the
S parameter to the presence of a very light neutral scalar, mH  O(v2), will essentially
rule out the model.
2.2 Neutrinophilic 2HDM: softly broken global U(1) symmetry
The second model we study was proposed by Davidson and Logan [18]. Analogously to
the other scenario, both 2 and right-handed neutrinos are charged under a new global
U(1). The model spans 5;6;7 = 0 and a small m
2
12 which breaks the symmetry softly and
generates neutrino masses. The presence of the soft breaking mass term, is required in
order to avoid a massless Goldstone boson which might create problems with cosmology
and electroweak precision data. Neutrinos are Dirac particles, as the Majorana mass term
is strictly forbidden by the new U(1). From eq. (A.8), we write
m212 = sin cos m
2
A; (2.8)
and we observe that to obtain simultaneously v2  eV and mA  O(100 GeV) one would
need m212  (200 keV)2. As said before, to avoid the issues of having a massless Goldstone,
instead of softly breaking the new U(1) symmetry, one could also envisage to gauge it.
Nonetheless, the theory would contain a very light vector resonance as a consequence of the
small vev, and it is not clear if such a model can satisfy all neutrino data and astrophysical
constraints. We do not explore this possibility here.
The presence of a non-zero m212 term makes this case fairly dierent from the last one.
From eq. (A.7), we notice that the mass of the neutrinophilic scalar, mH , increases with
M , and therefore the H mass in this scenario is not bounded by v2 as in the previous case.
As we will see later, this will ease the constraints from the oblique parameters. Combining
eq. (A.2) with the denition M2 = m212=(sin cos), and imposing tan  = v2=v  1, we
obtain
2 =
1
v2

  cot2 M2 + cos
2 
sin2 
m2H +
sin2 
sin2 
m2h

' 1
v22

m2H  m212
v
v2

+
sin2 
sin2 
m2h
v2
;
(2.9)
which indicates that
jm2H  m212v=v2j . O(v22): (2.10)
To grasp the impact of this conclusion, assume that m212 = m
2
Hv2=v. Hence, from eq. (A.8)
we see that mA  mH , so the neutrinophilic CP-odd and CP-even scalars, A and H, are
degenerate in mass. We emphasize that this degeneracy by itself is not a ne tuning of
the model: the degenerate spectrum arises naturally given the symmetries of the scalar
potential and the hierarchy between the vevs. As a last comment, we emphasize that since
m212 is the only source of U(1) breaking, it is natural in the t'Hooft sense | m
2
12 only
receives radiative corrections proportional to itself [21, 22].
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3 Theoretical and experimental electroweak data constraints
3.1 Theoretical constraints
There are a number of conditions to be fullled by the scalar potential. These will be used
to constrain the parameter space, ultimately restricting the range of physical scalar masses,
having an important impact on the phenomenology of the models. To have stability at
tree-level, the following constraints should be fullled [28]
1;2 > 0; 3 >  (12)1=2 and 3 + 4   j5j >  (12)1=2: (3.1)
In addition, the stationary conditions @V=@i = 0 read
1
2
v31 +
345
2
v1v
2
2 +m
2
11v1  m212v2 = 0;
2
2
v32 +
345
2
v2v
2
1 +m
2
22v2  m212v1 = 0;
(3.2)
which allow us to write m2ii as functions of m
2
12, v1 and v2. If m
2
12 = 0, it is easy to see
that there are at least two equivalent stable solutions, (v; 0) or (0; v) (although they may
not be the global minima). In this case, the vev is precisely the electroweak scale, one of
the scalars is exactly the Higgs and the other one is inert. For m212 6= 0, these equations
cannot be solved analytically. Nevertheless, if m212  v2 a perturbative approach yields
v1  v; v2  m
2
12
345
2 v
2 +m222
v; (3.3)
and a symmetric solution interchanging the indices 1 $ 2, which reveals that the small vev
necessary to satisfactorily explain small neutrino masses might require a correspondingly
small m212 parameter. This can be understood intuitively, as the breaking of the U(1)
happens only through the soft breaking term m212. In general, there can be more than one
solution satisfying the stationary conditions (3.2), and hence dierent non-trivial and non-
degenerate minima (v1; v2) and (v
0
1; v
0
2) might coexist. It is possible to check analytically
if the chosen vacuum is the deepest one in the potential for a 2HDM with 6;7 = 0 [29].
In this case, the potential describes a Z2 symmetry softly broken by m212. Both models we
deal with here are special cases of such scenario. In the absence of an explicit breaking,
that is m212 = 0, there can be multiple minima, but they are degenerate and hence stability
is not threatened. This is the case of the Z2 model we analyze. For the softly broken U(1)
model, it can be shown that the chosen vacuum is the deepest one (at tree-level) if and
only if the following condition is satised [29]:
D = m212(m
2
11   2m222)(tan    ) > 0; (3.4)
with  = 4
p
1=2. Although for a general 2HDM scenario this bound may be important,
for the neutrinophilic case we have checked that it does not lead to any signicant eect
on the parameter space, after the other constraints are taken into account, but we include
it in the analysis of the softly broken U(1) model for completeness.
{ 6 {
J
H
E
P
1
2
(
2
0
1
5
)
1
6
0
Another theoretical requirement is to satisfy the tree-level pertubative unitarity condi-
tion [30{32]. If the quartic couplings are too large, the lowest order amplitudes for scalar-
scalar scattering may violate unitarity at high enough scales, requiring additional physics
to mitigate this issue. To obtain the constraint, the scalar-scalar S matrix is computed
and the following conditions are imposed on its eigenvalues
jaj; jbj; jcj; jfj; je1;2j; jf1j; jp1j < 8; (3.5)
where
a =
3
2
(1 + 2)
r
9
4
(1   2)2 + (23 + 4)2; (3.6a)
b =
1
2
(1 + 2) 1
2
q
(1   2)2 + 424; (3.6b)
c =
1
2
(1 + 2) 1
2
q
(1   2)2 + 425; (3.6c)
f+ = 3 + 24 + 35; (3.6d)
f  = 3 + 5; (3.6e)
e1 = 3 + 24   35; (3.6f)
e2 = 3   5; (3.6g)
f1 = 3 + 4; (3.6h)
p1 = 3   4: (3.6i)
To have an idea of the impact of these bounds, one can conservatively assume that all jij
should be smaller than 8 (the actual bound is always more stringent than that). Some
authors prefer to use a stronger limit of 4. We checked that this does not change very
much the allowed regions.
Evidently, even if tree-level unitarity is satised, loop corrections could still play an
important role leading to violation of unitarity at some scale and thus demanding the
presence of new physics below such energies. This could be particularly relevant when some
of the tree-level constraints are just barely satised, as the size of the quartic couplings
could enhance the loop contributions. Nevertheless, we only take into account unitarity
constraints at tree-level, as a full one loop evaluation of the parameter space is beyond the
scope of this manuscript.
3.2 Electroweak data constraints
Oblique parameters. The impact of a second Higgs doublet in the so-called electroweak
precision tests (EWPT), encoded in the Peskin-Takeuchi parameters S, T , and U [33], has
been studied in the literature to a great extent (see for instance refs. [34{36]). These are
radiative corrections to the gauge boson two point functions, known as oblique corrections.
For the precise expressions of S, T , U , we point the reader to the aforementioned references.
The S parameter encodes the running of the neutral gauge bosons two point functions
(ZZ, Z and ) between zero momentum and the Z pole. Therefore, it should be specially
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sensitive to new physics at low scales, particularly below the Z mass. Thus, we expect it to
be important in the presence of very light neutral scalars, as is the case for the Z2 model.
The T parameter measures the breaking of custodial symmetry at zero momentum, that is,
the dierence between the WW and the ZZ two point functions at q2 = 0. It usually plays
a signicant role in constraining the parameter space of particles charged under SU(2)L.
Splitting the masses of particles in a doublet breaks custodial symmetry and aects T .
As we will see later, in the softly broken U(1) scenario, the T parameter will provide the
major constraint on the mass splitting mH   mA, forcing the scalar spectrum of this
model to be somewhat degenerate. Last, and this time least, the U parameter (or better,
the combination S +U) is somewhat similar to S but for the W bosons, being sensitive to
light charged particles in the loops. Given the fact that light charged particles are excluded
by LEP data [37, 38], usually U is the least important of these three precision parameters,
having a minor impact on the model phenomenology, we have checked that this is indeed
the case for all scenarios analyzed here.
To evaluate the impact of the EWPT on the neutrinophilic 2HDM scenarios, we cal-
culate S, T , and U using the results available in ref. [36], and we use the latest GFITTER
values for the best t, uncertainties and covariance matrix [39],
SSM = 0:05 0:11;
T SM = 0:09 0:13;
USM = 0:01 0:11;
V =
0B@ 1 0:90  0:590:90 1  0:83
 0:59  0:83 1
1CA ; (3.7)
composing the 2 function as
2 =
X
i;j
(Xi  XSMi )(2) 1ij (Xj  XSMj ); (3.8)
with Xi = S;T;U and the covariance matrix 
2
ij  iVijj , in which (1; 2; 3) =
(0:11; 0:13; 0:11). As we are interested in the goodness of t of the model to the EWPT
data, the 1, 2, and 3 regions are calculated using 2 = 3:5; 8:0; 14:2, respectively.
Higgs invisible width. When the rst doublet acquires a vev, triple scalar vertices
like hSS (S = H;A) are induced. Therefore, light neutral scalars with 2mS < mh could
contribute to the Higgs invisible width h! SS, and sequentially S ! . Because of the
small tan  of the model, the Higgs boson couplings to the Standard Model particles is
basically unchanged. Hence, the contribution to the Higgs total width due to the invisible
decay will suppress all Standard Model branching fractions by the ratio  SMh = 
new
h . In this
scenario, as the only modication to the Higgs branching fractions is the addition of an
invisible channel, the LHC 8 TeV data bound is BR(h! invisible) < 0:13 at 95% CL [40].
In our framework, the decay rate of such a process is given by [41]
 (h! SS) = g
2
hSS
32mh
s
1  4m
2
S
m2h
; (3.9)
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with
ghAA =
1
2v
"
(2m2A  m2h)
sin(  3)
sin 2
+ (8m212   sin 2(2m2A + 3m2h))
sin( + )
sin2 2
#
; (3.10)
ghHH =  1
v
cos(   )
"
2m212
sin 2
+

2m2H +m
2
h  
6m212
sin 2

sin 2
sin 2
#
: (3.11)
While the couplings between the SM Higgs and the SM fermions, ghff = mf=v, are well
below one due to the suppression by the EW scale (except for the top, to which the Higgs
cannot decay), the trilinear scalar couplings are typically much larger, ghSS  m2h=v 
60 GeV, unless there is some sort of cancellation happening [41]. Therefore, SM Higgs
decays to lighter scalars may have an important phenomenological impact, see e.g. ref. [42],
specially because the total Higgs width in the Standard Model is predicted to be very small,
around 4:07 MeV [43].
Higgs to diphoton. The charged scalars will contribute to the h!  width, and thus
we also analyse the impact on this observable.4 The h diphoton width is a destructive
interference eect mainly between W and top loops, where the latter dominate. Charged
scalars contribute with the same sign as the W , and their contribution usually do not
overcome the top one. Therefore, we expect h !  to be somewhat suppressed in most
cases. The expression for the h!  width at one loop can be found in many papers, see,
for instance ref. [44]. For reference, the current ATLAS+CMS combination value of the
Higgs to diphoton signal strength is  = 1:16
+0:20
 0:18 [45].
Z invisible width. We also have to consider possible extra contributions to the Z in-
visible width coming from the decays Z ! S with S = A;H and mS < mZ . In the
model with a softly broken U(1) symmetry, the expression for  (Z ! S) =  (Z !
A) +  (Z ! H) can be easily calculated and reads
 (Z ! S) = 1
3843m5Z

g
2 cos W
2 m2;tot
v22
Z (mZ mS)2
0
dq2
1=2(q2;m2Z ;m
2
S)
(q2  m2S)2 +m2S 2S

"
gS(q2) +
fS(q2)
1=2(q2;m2S ;m
2
Z)
coth 1

m2Z +m
2
S   q2
1=2(q2;m2Z ;m
2
S)
#
; (3.12)
where mS is the mass of the neutrinophilic scalars H and A, which are degenerate in mass,
and the total width is given by
 S =
mS
8
m2;tot
v22
: (3.13)
4The h ! Z decay will also be modied, but due to the smaller branching ratio and subsequent
suppression by requiring the Z to decay leptonically, we do not expect it to provide any signicant sensitivity
in the near future.
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We also dene (a2; b2; c2) = (a2   (b  c)2)(a2   (b+ c)2) and
fS(q2) = 4m2Z

(m2S   q2)(m4S  m2Zq2 + q4 +m2S(m2Z   4q2)) +  2Sm2S(m2S +m2Z   q2)

;
(3.14)
gS(q2) = 4m4S(q
2  m2Z) +m2S [4m2Z(2q2    2S) + q2( 2S   8q2)] + q2(m4Z   8m2Zq2 + 4q4):
(3.15)
The ratio between m2;tot 
P
m2i and v
2
2 arrives from the neutrino Yukawas. Clearly, if
the Yukawas are small, both widths vanish, so we expect this bound to be more signicant
for lower v2 and larger neutrino masses. To constrain extra contributions from new physics
to the Z invisible width, we use LEP result  exp(Z ! invisible) = 499:0(15) MeV and
the Standard Model prediction  SM(Z ! invisible) = 501:69(6) MeV [38], which yields
 NP(Z ! invisible) < 1:8 MeV at 3 (notice that there is a mild 2 discrepancy between
the data and the SM predicted value). In the case of the Z2 symmetry model, one must
take care while doing the computation, since mH  mZ , as the expression for the width
has an infrared divergence, which cancels out with radiative conditions. As we will see in
section 4, the other constraints will exclude most of the parameter space of this model. For
this reason we will not discuss the constraints from the Z invisible width in this scenario.
Collider bounds on charged scalars. The charged scalars can be pair produced di-
rectly at colliders via s-channel o shell photon or Z exchange. Due to the neutrinophilic
character of the second Higgs doublet and small admixture with the SM degrees of free-
dom, the charged scalars decay almost only to `. Therefore, we use the corresponding
LEP bound, i.e. mH > 80 GeV [37, 38].
It is not clear how LHC data improves the situation. There has been some studies
on the LHC sensitivity to such charged scalars, mainly focused on 14 TeV center of mass
energy [46{50], but to the best of our knowledge, there has been no dedicated experimental
search for charged scalars in neutrinophilic 2HDMs. As v2 is very small, the main pro-
duction modes of H would be pair production through vector boson fusion or o-shell
s-channel photon and Z exchange, and the tipical t! H+b would be absent due to small
tan. The LHC sensitivity then would come mainly from opposite sign dilepton plus miss-
ing energy, which has SM W pair production as an irreducible background. Moreover,
the branching ratios of the charged scalar depend on the neutrino masses and the mass
ordering. If the  branching ratio is dominant, the sensitivity is expected to be smaller.
Therefore, to be conservative, we will scan the parameter space considering only the LEP
bound.
Anomalous magnetic moments and other constraints. In principle, the charged
scalars could also contribute to charged lepton g 2 values, but the corresponding amplitude
at one loop is suppressed by m4`=m
4
H (see ref. [51] for a recent analysis on the impact of a
second Higgs doublet on the muon g 2). We have checked that the 1-loop contribution to
both muon and electron g 2 is negligible due to that suppression, while the tau g 2 is not
measured with enough precision to pose a bound. For a general 2HDM, it has been noticed
that two loop Barr-Zee diagrams [52] can be more important than 1-loop contributions,
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but this is not the case in the neutrinophilic 2HDM, as the charged lepton couplings to H
and A are suppressed by tan .5 Therefore we conclude that the electron, muon and tau
g   2 measurements do not pose any bound on this scenario.
Flavor physics constraints have also been studied in the literature. The charged scalars
will mediate lepton avor violating decays. In ! e, for instance, the additional branch-
ing ratio is proportional to (mHv2)
 4. Because of that, it is always possible to evade this
bound for large enough values of v2 (or mH). The limits we derive here are independent
of a particular choice of v2 as they concern directly the spectrum.
4 Analysis of the models
For each model we generate  107 points. For each of those points we calculate the
corresponding scalar potential parameters and verify if they fulll the constraints described
in section 3. We only show on our plots the allowed points, which are about 10% of the
generated ones. Unless stated otherwise, the points are color coded accordingly to the t
to EWPT data: blue, green, and red correspond to the 1, 2, and 3 allowed regions, while
gray points are excluded at 3 or more.
2HDM with a Z2 symmetry. Let us rst discuss the results for the 2HDM with a Z2
symmetry. As discussed in section 2.1, the model has a very light neutral scalar. In fact, we
veried that eq. (A.7) and the perturbative unitarity conditions (3.5) require mH . 10v2.
Moreover, as the scalar potential parameters i and m
2
ij can be written in terms of the
physical masses and the vevs, we perform a scan in the physical parameter space, imposing
the following conditions
0:01 eV < mH < 1 GeV;
124:85 GeV < mh < 125:33 GeV;
70 GeV < mH < 1 TeV;
1 GeV < mA < 1 TeV;
 =2 <  < =2;
0:01 eV < v2 < 1 MeV:
The Higgs mass range is taken from the ATLAS+CMS measurements combination in
ref. [53]. Note that although  has to be small we did a scan over the whole physical
range of this parameter, since we wanted to be as general as possible. By using a logarith-
mic prior, for convenience, we found that indeed  is small.
Using the power of perturbative unitarity constraints, we found that the CP-odd and
charged scalars are restricted to be below  600{700 GeV. This can be easily understood
from eqs. (A.8) and (A.9). Since M2 / m212 = 0 and 4;5 cannot be too large, the masses
cannot go arbitrarily above the electroweak vev.
5There would be a small contribution due to modications of the h !  coupling, but Higgs data
already constraint it to the level that there is no observable modication to the muon g   2.
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Moreover, the presence of a very light scalar in the spectrum, below the GeV scale,
yields a substantial negative contribution to the S parameter. The impact of the EWPT
can be seen in gure 1, where all points scanned were projected in the ST plane and the
allowed region by EWPT was drawn. Remarkably, only very few points (in red) were found
which provide a viable model, within the 3 allowed region for the EWPT. From our scan,
it can be concluded that: the T parameter strongly prefers mA  mH or a lighter H
with mH  150 GeV together with a mA > 300 GeV; while the S parameter, although it
depends very mildly on the charged and pseudoscalar masses, exhibits a slight preference to
this latter region. All in all, the values of S are always below   0:25, revealing a tension
with EWPT always above the 2:97 level.6 As an example, we obtained the following
scalar spectrum, which is allowed at 2.99:
mH = 0:18 eV; mh = 124:9 GeV; mH = 158 GeV;
mA = 567 GeV; tan =  9:3 10 6; tan = 2:3 10 6:
From this analysis, we can conclude that the 2HDM with a Z2 symmetry is denitely very
disfavored by data. It is not even clear that the region found which is in the 3 border
of EWPT is really viable. A closer look into this region of the parameter space reveals
that these points suer from at least one of the following worrisome situations: (i) the e1
scattering amplitude, in eq. (3.5), is on the verge of violating unitarity, with at least about
 98% of the bound saturated; (ii) the same for a+ scattering amplitude, with at least
 98% of the bound saturated; (iii) the stability condition is very fragile, with the third
condition of eq. (3.1) satised with a relative dierence of less than  4  10 4; and (iv)
the same but for the second condition of eq. (3.1), satised with a relative dierence of
less than  0:05. Therefore, given this delicate region of the parameter space, it would be
important to include radiative corrections to see if the stability and unitarity of the model
still holds at one loop. Notice that by using 4 as the perturbative unitarity limit this
small region disappears.
A possible way to evade these problems could be to have a larger v2 so that the mass
spectrum, specially mH , becomes more exible. Nevertheless, unless v2 & O(GeV), the
problem does not disappear, strongly disfavoring this minimal model as an explanation for
neutrino masses.
One could now be tempted to include a right-handed neutrino contribution, dropping
the lepton number conservation symmetry of the model. In fact, as v2 is small, it may
be possible to have a low-energy realization of the type I seesaw scenario which leads to
observable sterile neutrino phenomenology, and hopefully could increase a bit the value of
the S parameter to make the model viable. As the eect on S grows with the mass of
the fermions in the loop, we make a distinction between two regimes: the right-handed
neutrinos can be below or above the GeV scale. In the rst, what happens is that the
contribution to the S parameter is suppressed by the ratio between these small masses and
6To be precise about such strong statement, we also included in our analysis the accepted points of a
second scan centered on the red region, where the charged scalar mass range was changed to 150{160 GeV
and the pseudoscalar mass range was changed to 500{580 GeV, with 105 points.
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Figure 1. Neutrinophilic 2HDM with Z2 symmetry. The red points are allowed by electroweak
precision data (oblique parameters) at 3, while the gray points are ruled out at 3 or more in the
S  T plane. No point was found within the 2 region.
Figure 2. Neutrinophilic 2HDM with Z2 symmetry. Left: predicted values for S and T (left) and
isolines of S and T values as a function of mA and mH , for mH  mZ . Right: tan  tan
plane exclusions obtained using h invisible width. Orange points are excluded, while blue points
are allowed.
the Z mass and can be neglected (for instance, the active neutrino contribution to S is
virtually zero). In the second case, although the sterile neutrino masses might be large,
the coupling to the Z is suppressed by the active-sterile mixing which generically goes as
the ratio between the active to sterile neutrino masses, m=mN . Therefore the impact of
right-handed neutrinos is never large enough to substantially change the S parameter.7
For completeness, we also show in the right panel of gure 2 the impact of the Higgs
invisible width measurement in the tan  tan plane. Given the preference for heavier
S, we will consider the case where only h! HH is present. From eq. (3.11), since m212 = 0
in this model, the ghHH coupling can be rewritten in the limit of small  and  as
ghHH   m
2
h
v
sin(2)
sin(2)
; (4.1)
which can be sizable only if  & , explaining the behavior of the excluded region (or-
ange) in gure 2. Since the ratio = is already constrained by the theoretical limits (see
eq. (2.9)), this constraint turns out to be less stringent than the others. As a last comment,
7This fact has also been checked numerically using the expressions in ref. [54].
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the charged scalars could also have an impact on h! . In the small 3 allowed region,
the modications to the diphoton width are generically between 10%, depending on the
precise values of 3. This quartic coupling only aects mH , so it is only weakly bounded
by perturbative unitarity.
Finally, since the smallness of mH causes the tension with EWPT, one may wonder
what is the impact of loop corrections on the scalar spectrum of this model. Generically,
in a 2HDM with Z2 symmetry, the charged and CP-odd mass matrices are not modied by
one-loop corrections. The CP-even matrix receives radiative corrections of the form [55]
M =
 
1v
2
1 345v1v2
345v1v2 2v
2
2
!
+
1
642
 
m211v
2
1 m
2
12v1v2
m212v1v2 m
2
22v
2
2
!
; (4.2)
where the second term comes from the one-loop eective potential. Since m2ij are solely
functions of masses and quartic couplings, the dependence of the CP-even mass matrix on
v1;2 is preserved at one-loop level, implying a small value for mH if v2 is small. We have
checked by explicit calculations that the corrections to mH are at the most a factor 100,
which is still insucient to solve the problem with the S parameter.
2HDM with a global U(1) symmetry. We now focus on the phenomenology of the
softly broken U(1) model. A non-zero m212 term allows for heavier H, presenting a major
change in the phenomenology with respect to the previous model. Without the requirement
of a light scalar, we enlarge the scanned region accordingly. The absence of the 5 quartic
coupling makes the pseudoscalar degenerate in mass with H (to rst order in v2). Therefore
we perform an initial scan of the spectrum parameter space, this time in the region
10 GeV < mH < 1 TeV;
124:85 GeV < mh < 125:33 GeV;
70 GeV < mH < 1 TeV;
mA = mH ;
 =2 <  < =2;
0:01 eV < v2 < 1 MeV;
as well as a second scan with mH and mA heavier then 1 TeV and almost degenerate.
We follow the same procedure as before, showing only the points allowed by perturbative
unitarity and stability constraints. The results are presented in gure 3.
In contrast to the previous case, due to the possibility of obtaining a heavier H in the
mass spectrum, there is a region of the parameter space of this model which passes the
electroweak precision tests and theoretical constraints. The behavior of the T parameter
is similar to the previous scenario: either the mass splitting between A and H is at most
 80 GeV, or the charged scalar is around 100 GeV while mH = mA > 150 GeV, with
negative values of T for larger mH . This explains the strong correlation on the allowed
region in the upper left panel of gure 3. We also present the projection of these points in
the S  T plane in the upper right panel of gure 3. For the  and  parameters we nd
that the allowed region is tan  . 10 6 and  . 5.
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Figure 3. Neutrinophilic 2HDM with softly broken global U(1) symmetry. The blue, green and
red points are allowed by EWPT at 1, 2, and 3, respectively, while the gray points are ruled
out at 3. Top left: parameter space in the plane mHmH which satisfy perturbativity, unitarity
and stability constraints. Top right: projection of these points in the S  T plane. Bottom left:
h !  signal strength as a function of mH . Bottom right: region in the mH  v2 plane that is
excluded by the Z invisible width (orange points).
As discussed in the previous sections, this model can also accommodate a pair of
neutral scalars (S = H;A) satisfying mS < mh=2 if m212 is small enough. In this case,
the constraints coming from the Higgs invisible decays are similar to those described for
the model with a Z2 symmetry and turn out to be relatively weak. On other hand, the Z
invisible width can provide valuable constraints when the channel Z ! S is open. To
perform this analysis we scan over the oscillation parameters, imposing the perturbativity
condition  S < mS=2. We show on the bottom right panel of gure 3 the excluded region
(orange points) under these assumptions in the mH  v2 plane. The region mS < mZ=2
is completely excluded, because in this case we integrate over the poles of the o-shell
scalars in Z ! H(A ! ) and Z ! A(H ! ), enhancing the decay rate by orders of
magnitude.
For a heavy enough H, as can be seen in the lower left panel of gure 3, the h! 
signal strength is diminished by about  5%. We can understand this non decoupling
feature by noticing that the hH+H  coupling is  i3v, which in turn has a correlation
with mH , specially in the larger mass region. This can be understood by noticing that,
in eq. (A.3), for large mH , we have
3 

1  sin 2
sin 2

m2H
v2
: (4.3)
Typically,  . 5, which corresponds to a strong correlation between 3 and mH , and
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this is the denser region around  = 0:95. However this is not always the case, and the
correlation is lost when the ratio of sines is closer to 1, now corresponding to the sparser
points with a much weaker correlation. Nevertheless, we see that for a heavy enough
charged scalar, the contribution to the Higgs diphoton width is always negative.
One could ask if it is also possible to have a Majorana mass term, since the U(1)
symmetry is softly broken. First, as pointed out in refs. [54, 56], the impact of heavy
right-handed neutrinos via loop eects on electroweak precision observables is very small.
Therefore, there is no signicant interplay between this and the scalar sector of the model,
and thus the phenomenology studied here would be essentially unchanged. On the other
hand, if we consider an UV completion that simultaneously breaks the symmetry and
originates a Majorana mass term, we nd that such scenario is non-minimal, i.e., at least
two new elds have to be included.
Comments on non-minimal models. Due to the large number of possible variants,
performing exhaustive analises of non-minimial models is unpractical and well beyond the
purpose of this paper. Nonetheless, we may glimpse the phenomenology of some represen-
tative cases.
A neutrinophilic 2HDM with a softly broken Z2 symmetry would surely be allowed
by data, in contrast to the spontaneously broken Z2 scenario. Such model would be more
general than the two models considered here, as it would span a non-zero value of both
m12 and 5. As can be seen from eqs. (A.7) and (A.8), the simultaneous presence of these
terms in the scalar potential lifts the degeneracy between the neutral scalars A and H. In
fact, we have checked that the allowed region in the plane mA mH is very similar to
the one exhibited in gure 3 (top left panel), except for the fact that the T parameter now
implies a correlation only between mH and mA. If the neutral scalar H decays dominantly
to neutrinos, as it is likely to happen, it would be very dicult to probe it by resonant
production at colliders.
Another way of evading our limits would be to enlarge the particle spectrum of the
spontaneously broken Z2 model (or generically any ZN ), for instance, by adding a scalar
singlet S, doublet 3 or triplet , all charged under the new symmetry. In the singlet
case, a triple or quartic term Sy12 or S
2y12 could be present in the potential for
a judicious choice of charges. After the singlet acquires a vev, this term would play a
role similar to the m12 soft breaking term allowing for larger values of mH . However,
the quartic SySy11, always present, would induce a Higgs-singlet mixing. This would
diminish all Higgs couplings to fermions and gauge bosons by a factor sin  where  is the
corresponding mixing angle. The mixing is constrained by Higgs production cross section
measurements to be sin2  . 0:2 [45]. In the case of adding a third doublet, the triple
coupling is impossible, but a quartic one could be present. Last, in the case of a scalar
triplet, although a triple coupling would be possible, a large triplet vev could irrevocably
disturb electroweak precision tests, especially the T parameter.
5 Conclusion
We performed an analysis of the minimal neutrinophilic two-Higgs-doublet models which
can accommodate neutrino masses by means of the tiny vev of the additional Higgs dou-
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blet. The models studied here dier among themselves by the symmetry that forbids the
couplings between neutrinos and the scalar which gets the electroweak scale vev. The cases
studied here span a discrete Z2 and a softly broken global U(1) symmetry.
The bounds considered come both from theory and experiment. The unitarity per-
turbative requirement at tree-level strongly constrains the scalar mass spectrum of these
models, either by the presence of a very light neutral scalar (mH  v2), in the Z2 model,
or with a degeneracy between the scalar and pseudoscalar particle masses (mH = mA), in
the global U(1) scenario.
If there is no additional particle content, the Z2 symmetry model was found to be in se-
vere tension with the electroweak precision tests, due to the very light neutral scalar, which
generates a large negative contribution to the S parameter. The inclusion of a Majorana
mass term for the right-handed neutrinos, providing a low scale realization of the seesaw
type I mechanism, does not save the model, as the right-handed neutrino contribution to
the S parameter is always negligible. Therefore, we conclude that the neutrinophilic 2HDM
with a spontaneously broken Z2 symmetry is strongly disfavored by data.
The analysis of the model with an explicit broken global U(1) symmetry reveals a
region of the parameter space which is allowed by all bounds considered. Due to the
set of constraints and the symmetries of the model itself, the spectrum is quite limited.
The U(1) symmetry predicts that the neutrinophilic scalar is degenerate in mass with the
pseudoscalar, mH = mA. Besides, the electroweak precision tests play a very important
role, specially the T parameter which is sensitive to the absolute mass splitting of the
pseudoscalar and the charged scalars, limiting it to be at most  80 GeV. Therefore,
an important consequence of the theoretical and experimental constraints is that, if the
new scalars are above  400 GeV, all these particles should have very similar masses.
Moreover, the Z invisible width excludes the region mH = mA < mZ=2. Besides, the
h!  branching fraction might be modied by about 30% for mH < 200 GeV, while
for heavier H, above 500 GeV, this ratio can be atmost 1 or lower by 5%. Finally,
we stress that this model can be well within the reach of LHC 13 TeV, by probing the
h !  branching fraction of by direct pair production of the charged scalars, if they are
below O(300 GeV).
Acknowledgments
It is a pleasure to acknowledge stimulating discussions with Enrico Bertuzzo. This work
was supported by Fundac~ao de Amparo a Pesquisa do Estado de S~ao Paulo (FAPESP)
and Conselho Nacional de Cie^ncia e Tecnologia (CNPq). RZF would like to thank the
hospitality of the LPT-Orsay, where part of this work was completed. PM acknowledges
partial support from the European Union FP7 ITN INVISIBLES (Marie Curie Actions,
PITN-GA-2011-289442), and from the Spanish MINECO's \Centro de Excelencia Severo
Ochoa" Programme under grant SEV-2012-0249.
{ 17 {
J
H
E
P
1
2
(
2
0
1
5
)
1
6
0
A Tree-level relations for the quartic couplings
The quartic couplings can be expressed in terms of the physical masses, vevs and mixing
angles as: [24]
1 =
1
v2

  tan2 M2 + sin
2 
cos2 
m2H +
cos2 
cos2 
m2h

; (A.1)
2 =
1
v2

  cot2 M2 + cos
2 
sin2 
m2H +
sin2 
sin2 
m2h

; (A.2)
3 =
1
v2

 M2 + 2m2H +
sin(2)
sin(2)
(m2h  m2H)

; (A.3)
4 =
1
v2
 
M2 +m2A   2m2H

(A.4)
5 =
1
v2
 
M2  m2A

; (A.5)
where M2  m212sin cos . Inversely, we have
m2h = M
2 sin2(  )
+

1 cos
2  cos2  + 2 sin
2  sin2  +
345
2
sin 2 sin 2

v2; (A.6)
m2H = M
2 cos2(  )
+

1 sin
2  cos2  + 2 cos
2  sin2    345
2
sin 2 sin 2

v2; (A.7)
m2A = M
2   5v2; (A.8)
m2H = M
2   45
2
v2; (A.9)
where 45 = 4 + 5 and 345 = 3 + 4 + 5.
Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
References
[1] Troitsk collaboration, V.N. Aseev et al., An upper limit on electron antineutrino mass from
Troitsk experiment, Phys. Rev. D 84 (2011) 112003 [arXiv:1108.5034] [INSPIRE].
[2] C. Kraus et al., Final results from phase II of the Mainz neutrino mass search in tritium 
decay, Eur. Phys. J. C 40 (2005) 447 [hep-ex/0412056] [INSPIRE].
[3] WMAP collaboration, G. Hinshaw et al., Nine-Year Wilkinson Microwave Anisotropy Probe
(WMAP) Observations: Cosmological Parameter Results, Astrophys. J. Suppl. 208 (2013) 19
[arXiv:1212.5226] [INSPIRE].
{ 18 {
J
H
E
P
1
2
(
2
0
1
5
)
1
6
0
[4] Planck collaboration, P.A.R. Ade et al., Planck 2015 results. XIII. Cosmological
parameters, arXiv:1502.01589 [INSPIRE].
[5] P. Minkowski, ! e at a Rate of One Out of 109 Muon Decays?, Phys. Lett. B 67 (1977)
421 [INSPIRE].
[6] R.N. Mohapatra and G. Senjanovic, Neutrino Mass and Spontaneous Parity Violation, Phys.
Rev. Lett. 44 (1980) 912 [INSPIRE].
[7] J. Schechter and J.W.F. Valle, Neutrino Masses in SU(2)U(1) Theories, Phys. Rev. D 22
(1980) 2227 [INSPIRE].
[8] T. Yanagida, Horizontal Symmetry and Masses of Neutrinos, Conf. Proc. C 7902131 (1979)
95 [INSPIRE].
[9] M. Gell-Mann, P. Ramond and R. Slansky, Complex Spinors and Unied Theories, Conf.
Proc. C 790927 (1979) 315 [arXiv:1306.4669] [INSPIRE].
[10] R.N. Mohapatra, Mechanism for Understanding Small Neutrino Mass in Superstring
Theories, Phys. Rev. Lett. 56 (1986) 561 [INSPIRE].
[11] R.N. Mohapatra and J.W.F. Valle, Neutrino Mass and Baryon Number Nonconservation in
Superstring Models, Phys. Rev. D 34 (1986) 1642 [INSPIRE].
[12] J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez and J.W.F. Valle, Lepton Flavor
Nonconservation at High-Energies in a Superstring Inspired Standard Model, Phys. Lett. B
187 (1987) 303 [INSPIRE].
[13] J. Schechter and J.W.F. Valle, Neutrinoless Double- Decay in SU(2)U(1) Theories, Phys.
Rev. D 25 (1982) 2951 [INSPIRE].
[14] M. Duerr, M. Lindner and A. Merle, On the Quantitative Impact of the Schechter-Valle
Theorem, JHEP 06 (2011) 091 [arXiv:1105.0901] [INSPIRE].
[15] E. Ma, Naturally small seesaw neutrino mass with no new physics beyond the TeV scale,
Phys. Rev. Lett. 86 (2001) 2502 [hep-ph/0011121] [INSPIRE].
[16] S. Gabriel and S. Nandi, A New two Higgs doublet model, Phys. Lett. B 655 (2007) 141
[hep-ph/0610253] [INSPIRE].
[17] N. Haba and K. Tsumura, -Two Higgs Doublet Model and its Collider Phenomenology,
JHEP 06 (2011) 068 [arXiv:1105.1409] [INSPIRE].
[18] S.M. Davidson and H.E. Logan, Dirac neutrinos from a second Higgs doublet, Phys. Rev. D
80 (2009) 095008 [arXiv:0906.3335] [INSPIRE].
[19] P. Bandyopadhyay, S. Choubey and M. Mitra, Two Higgs Doublet Type III Seesaw with -
symmetry at LHC, JHEP 10 (2009) 012 [arXiv:0906.5330] [INSPIRE].
[20] N. Haba and M. Hirotsu, TeV-scale seesaw from a multi-Higgs model, Eur. Phys. J. C 69
(2010) 481 [arXiv:1005.1372] [INSPIRE].
[21] T. Morozumi, H. Takata and K. Tamai, Quantum correction to tiny vacuum expectation
value in two Higgs doublet model for Dirac neutrino mass, Phys. Rev. D 85 (2012) 055002
[arXiv:1107.1026] [INSPIRE].
[22] N. Haba and T. Horita, Vacuum stability in neutrinophilic Higgs doublet model, Phys. Lett.
B 705 (2011) 98 [arXiv:1107.3203] [INSPIRE].
{ 19 {
J
H
E
P
1
2
(
2
0
1
5
)
1
6
0
[23] S. Zhou, Comment on astrophysical consequences of a neutrinophilic 2HDM, Phys. Rev. D
84 (2011) 038701 [arXiv:1106.3880] [INSPIRE].
[24] S. Kanemura, Y. Okada, E. Senaha and C.-P. Yuan, Higgs coupling constants as a probe of
new physics, Phys. Rev. D 70 (2004) 115002 [hep-ph/0408364] [INSPIRE].
[25] F. Wang, W. Wang and J.M. Yang, Split two-Higgs-doublet model and neutrino
condensation, Europhys. Lett. 76 (2006) 388 [hep-ph/0601018] [INSPIRE].
[26] T.W.B. Kibble, Topology of Cosmic Domains and Strings, J. Phys. A 9 (1976) 1387
[INSPIRE].
[27] G.R. Dvali, Z. Tavartkiladze and J. Nanobashvili, Biased discrete symmetry and domain wall
problem, Phys. Lett. B 352 (1995) 214 [hep-ph/9411387] [INSPIRE].
[28] J.F. Gunion and H.E. Haber, The CP conserving two Higgs doublet model: The Approach to
the decoupling limit, Phys. Rev. D 67 (2003) 075019 [hep-ph/0207010] [INSPIRE].
[29] A. Barroso, P.M. Ferreira, I.P. Ivanov and R. Santos, Metastability bounds on the two Higgs
doublet model, JHEP 06 (2013) 045 [arXiv:1303.5098] [INSPIRE].
[30] S. Kanemura, T. Kubota and E. Takasugi, Lee-Quigg-Thacker bounds for Higgs boson masses
in a two doublet model, Phys. Lett. B 313 (1993) 155 [hep-ph/9303263] [INSPIRE].
[31] A. Arhrib, Unitarity constraints on scalar parameters of the standard and two Higgs doublets
model, hep-ph/0012353 [INSPIRE].
[32] I.F. Ginzburg and I.P. Ivanov, Tree-level unitarity constraints in the most general 2HDM,
Phys. Rev. D 72 (2005) 115010 [hep-ph/0508020] [INSPIRE].
[33] M.E. Peskin and T. Takeuchi, Estimation of oblique electroweak corrections, Phys. Rev. D
46 (1992) 381 [INSPIRE].
[34] W. Grimus, L. Lavoura, O.M. Ogreid and P. Osland, A Precision constraint on
multi-Higgs-doublet models, J. Phys. G 35 (2008) 075001 [arXiv:0711.4022] [INSPIRE].
[35] W. Grimus, L. Lavoura, O.M. Ogreid and P. Osland, The Oblique parameters in
multi-Higgs-doublet models, Nucl. Phys. B 801 (2008) 81 [arXiv:0802.4353] [INSPIRE].
[36] H.E. Haber and D. O'Neil, Basis-independent methods for the two-Higgs-doublet model III:
The CP-conserving limit, custodial symmetry and the oblique parameters S, T, U, Phys. Rev.
D 83 (2011) 055017 [arXiv:1011.6188] [INSPIRE].
[37] LEP, DELPHI, OPAL, ALEPH and L3 collaborations, G. Abbiendi et al., Search for
Charged Higgs bosons: Combined Results Using LEP Data, Eur. Phys. J. C 73 (2013) 2463
[arXiv:1301.6065] [INSPIRE].
[38] Particle Data Group collaboration, K.A. Olive et al., Review of Particle Physics, Chin.
Phys. C 38 (2014) 090001 [INSPIRE].
[39] Gfitter Group collaboration, M. Baak et al., The global electroweak t at NNLO and
prospects for the LHC and ILC, Eur. Phys. J. C 74 (2014) 3046 [arXiv:1407.3792]
[INSPIRE].
[40] J. Ellis and T. You, Updated Global Analysis of Higgs Couplings, JHEP 06 (2013) 103
[arXiv:1303.3879] [INSPIRE].
[41] J. Bernon, J.F. Gunion, Y. Jiang and S. Kraml, Light Higgs bosons in Two-Higgs-Doublet
Models, Phys. Rev. D 91 (2015) 075019 [arXiv:1412.3385] [INSPIRE].
{ 20 {
J
H
E
P
1
2
(
2
0
1
5
)
1
6
0
[42] O. Seto, Large invisible decay of a Higgs boson to neutrinos, Phys. Rev. D 92 (2015) 073005
[arXiv:1507.06779] [INSPIRE].
[43] A. Denner, S. Heinemeyer, I. Puljak, D. Rebuzzi and M. Spira, Standard Model Higgs-Boson
Branching Ratios with Uncertainties, Eur. Phys. J. C 71 (2011) 1753 [arXiv:1107.5909]
[INSPIRE].
[44] L.G. Almeida, E. Bertuzzo, P.A.N. Machado and R.Z. Funchal, Does H !  Taste like
vanilla New Physics?, JHEP 11 (2012) 085 [arXiv:1207.5254] [INSPIRE].
[45] ATLAS and CMS collaborations, Measurements of the Higgs boson production and decay
rates and constraints on its couplings from a combined ATLAS and CMS analysis of the
LHC pp collision data at
p
s = 7 and 8 TeV, ATLAS-CONF-2015-044 (2015) [INSPIRE].
[46] S.M. Davidson and H.E. Logan, LHC phenomenology of a two-Higgs-doublet neutrino mass
model, Phys. Rev. D 82 (2010) 115031 [arXiv:1009.4413] [INSPIRE].
[47] T. Morozumi and K. Tamai, The pair production of Charged and Neutral Higgs bosons in W
and Z gauge boson fusion process, arXiv:1212.2138 [INSPIRE].
[48] T. Morozumi and K. Tamai, Charged Higgs and neutral Higgs pair production of the weak
gauge boson fusion process in electron-positron collisions, Prog. Theor. Exp. Phys. 2013
(2013) 093B02 [arXiv:1306.1670] [INSPIRE].
[49] U. Maitra, B. Mukhopadhyaya, S. Nandi, S.K. Rai and A. Shivaji, Searching for an elusive
charged Higgs boson at the Large Hadron Collider, Phys. Rev. D 89 (2014) 055024
[arXiv:1401.1775] [INSPIRE].
[50] K.-Y. Choi, O. Seto and C.S. Shin, Phenomenology in supersymmetric neutrinophilic Higgs
model with sneutrino dark matter, JHEP 09 (2014) 068 [arXiv:1406.0228] [INSPIRE].
[51] A. Broggio, E.J. Chun, M. Passera, K.M. Patel and S.K. Vempati, Limiting
two-Higgs-doublet models, JHEP 11 (2014) 058 [arXiv:1409.3199] [INSPIRE].
[52] D. Chang, W.-F. Chang, C.-H. Chou and W.-Y. Keung, Large two loop contributions to g  2
from a generic pseudoscalar boson, Phys. Rev. D 63 (2001) 091301 [hep-ph/0009292]
[INSPIRE].
[53] ATLAS and CMS collaborations, G. Aad et al., Combined Measurement of the Higgs Boson
Mass in pp Collisions at
p
s = 7 and 8 TeV with the ATLAS and CMS Experiments, Phys.
Rev. Lett. 114 (2015) 191803 [arXiv:1503.07589] [INSPIRE].
[54] E. Akhmedov, A. Kartavtsev, M. Lindner, L. Michaels and J. Smirnov, Improving
Electro-Weak Fits with TeV-scale Sterile Neutrinos, JHEP 05 (2013) 081 [arXiv:1302.1872]
[INSPIRE].
[55] J.S. Lee and A. Pilaftsis, Radiative Corrections to Scalar Masses and Mixing in a Scale
Invariant Two Higgs Doublet Model, Phys. Rev. D 86 (2012) 035004 [arXiv:1201.4891]
[INSPIRE].
[56] E. Fernandez-Martinez, J. Hernandez-Garcia, J. Lopez-Pavon and M. Lucente, Loop level
constraints on Seesaw neutrino mixing, JHEP 10 (2015) 130 [arXiv:1508.03051] [INSPIRE].
{ 21 {
